Bone formation is associated with certain bioelectrical phenomena. External electrical stimuli have been found to encourage bone formation, and it has been concluded that positive osteogenicity is produced by external negative stimulation. The present investigation shows the feasibility of employing the mandible of the New Zealand white rabbit as a site for placement of implants in order to study the effect of electrical stimulation. Appropriate procedures were developed for extraction of teeth from these animals and the surgical placement of the implants. A blade-vent implant was prepared to provide an electrical stimulation in the form of a constant direct current within a range of 0-100 A. The chosen current levels were 20, 40, and 100 A. In this study, the best results were obtained for two groups: (1) animals undergoing 40 A stimulus over periods of 35 and 50 days, and (2) those undergoing 100 A stimulus over a period of 35 days. After placement of dental implants, a waiting period of 6-9 months is considered necessary to provide time for bone maturation. Attempts have been made by scientists to find different methods to accelerate bone formation in order to reduce the waiting period. It is felt that the results of this study will contribute to the establishment of an optimal dosage of electrical stimulus and period of treatment, with the final aim being the more rapid mineralization of the bone supporting dental implants in humans.
Bone formation is associated with certain bioelectrical phenomena. External electrical stimuli have been found to encourage bone formation, and it has been concluded that positive osteogenicity is produced by external negative stimulation. The present investigation shows the feasibility of employing the mandible of the New Zealand white rabbit as a site for placement of implants in order to study the effect of electrical stimulation. Appropriate procedures were developed for extraction of teeth from these animals and the surgical placement of the implants. A blade-vent implant was prepared to provide an electrical stimulation in the form of a constant direct current within a range of 0-100 A. The chosen current levels were 20, 40, and 100 A. In this study, the best results were obtained for two groups: (1) animals undergoing 40 A stimulus over periods of 35 and 50 days, and (2) those undergoing 100 A stimulus over a period of 35 days. After placement of dental implants, a waiting period of 6-9 months is considered necessary to provide time for bone maturation. Attempts have been made by scientists to find different methods to accelerate bone formation in order to reduce the waiting period. It is felt that the results of this study will contribute to the establishment of an optimal dosage of electrical stimulus and period of treatment, with the final aim being the more rapid mineralization of the bone supporting dental implants in humans.
INTRODUCTION

B
ioelectric phenomena in bone have attracted increasing attention during the last 2 decades. There have been several studies on the role of electrical activity in the growth and remodeling of bone. Yasuda [1] [2] [3] [4] published the classic paper that described how a region under compression was electronegative compared with the nonstressed portion of a bone. This finding was named the ''piezoelectric phenomenon of the bone'' and was based on the wellknown observations by Wolff 5 that bone reacts to the load put upon it with structural changes. Since then, many papers have demonstrated the existence of piezoelectricity in both dry and wet bone 6, 7 as well as in live bone under physiologic conditions. 8 Other connective tissues have been shown to have piezoelectric properties, such as cartilage, 9 dentin, 10 and tendon. 11, 12 Fukada and Yasuda 13, 14 reported an investigation in which linear relationships between pressure and polarization and between electric field and strain were found. An investigation by Bassett and Becker 6 applied bending moments to bone specimens. It was observed that the electrical signal depended on the magnitude and degree of the deformation. This was in agreement with the theory that piezoelectricity is caused by crystals without symmetry, which develop potentials under pressure. Bassett and Becker 6 reported that the electrical potential diminished with time if constant stress was applied. This led to the speculation that there is an accumulation of surface charges in stressed bone. In a follow-up study, Andrew and Bassett 15 proposed that the generated potentials acted directly on cells, causing a change in structure to resist the original stress.
Compared with the vast number of studies on the effect of electrical stimulation on fracture healing, there are very few investigations on potential electrical influence on implant incorporation.
Electrically stimulated implants have been both metallic and ceramic and have been either electrically conductive or nonconductive. One of the earliest reports of the effect of electrical stimulation on implants was published by Chiarenza, 16 who used dental blade implants located in alveolar bone as cathodes and stimulated the surrounding bone tissue in two monkeys with direct currents of 20, 40, or 100 A. Current was applied for 1-hour periods not more than three times per week. The implants were incorporated in the bone for 12, 35, and 63 days. The results showed direct correlation between the currents and the deposited bone. Strong currents resulted in a thin interfacial fibrous tissue capsule, while weaker currents resulted in increased thickness of the fibrous tissue layer. No changes in blood vessels or fatty marrow were observed. Park and Kenner 17 designed a study to investigate the tensile strength of the porous ceramic bone union following electrical stimulation. The implant was a porous calcium aluminate cylinder with pore sizes from 100 to 250 m and a centrally located electrode of Pt-Rh (87-13%). The applied current was 7 A, measured in vivo with the implant inserted in the femur of a white New Zealand rabbit. The anode was located 1 cm proximal to the implant. The results indicated increased tensile strength of the interface between porous ceramic implants and bone when electrically stimulated implants were compared with controls. In the following year, the same authors 18 repeated this experimental procedure using a calcium aluminate implant. In that study, the amount of bone that grew into the implant was directly proportional to the interfacial strength. The interfacial strength increased after electrical stimulation, even in cases in which the same amount of bone had invaded the control and stimulated implants, respectively. This indicated the importance of the morphology of ingrown electrically stimulated bone.
A porous alumina (Al 2 O 3 ) implant was surgically incorporated into a canine femur by Weinstein et al 19 in order to investigate osseous tissue ingrowth during direct current stimulation with 19 A current. A stainless steel wire was located in the implant and served as a cathode, while an anode of stainless steel was wrapped around the subcutaneously located power supply. After 1, 2, 4, or 8 weeks, the implants were evaluated through mechanical push-out tests, microradiography, and histology. The authors found the interfacial shear strength of bone and implant to increase after 2 and 4 weeks of stimulation, while the effect was negligible after 8 weeks. The authors suggested that this result was due to a low current density (3.6 ϫ 10 Ϫ8 A/ cm 2 ). Dental implant fixation with a direct current of 4-6 A was investigated by Young et al. 20 A porous polymethylmethacrylate (PMMA) implant was placed in a canine mandible. Evaluation was performed with mechanical push-out tests, histology, and measurement of collagen and mineral content of the ingrown tissue. The follow-up period was 30-60 days. The results showed that electrical stimulation enhanced the interfacial strength after 2-6 weeks of implantation time. This study was continued by Park et al, 21 who investigated tissue ingrowth in dental implants after electrical stimulation. Using exactly the same procedure as Young et al, 20 the following conclusions could be drawn from the results: (1) interfacial strength increased with electrical stimulation, (2) microstructural changes occurred around the implants, and (3) interfacial strength peaked at 3 weeks and then decreased.
The effects of direct currents of 8 A on PMMA and Co-Cr-Mo implants was studied by Park et al. 22 Tensile strength was tested and microradiography was performed. A significant effect of electrical stimulation on the interfacial fracture strength was noted. The microradiography showed that new bone penetrated deeper into the pores when electrical stimulation was applied. The effect of electrical stimulation on Co-Cr-Mo porous plugs, which were electrically conductive, was studied by Salman and Park. 23 The battery delivered 8 A for 3-12 weeks. After the predetermined stimulation period, tensile tests and histology were performed. As in earlier studies, the strength of the union between the implant and the bone was increased after electrical stimulation. This increase in strength was attributed to increased new bone in the pores of the implant. It was also noted that fractional callus volume in the intramedullary canals diminished in the stimulated samples more than in the controls after reaching a maximum at 3 weeks.
Colella et al 24 studied the fixation of porous titanium implants with a constant current of 15 A for seven dogs. A titanium cylinder was implanted in the femur and connected to the negative pole. The anode was a titanium wire placed as circlage above and below the implant. Stimulation was maintained 1-8 days. Evaluation was performed by scanning electron microscopy (SEM), energy dispersion analysis (EDAX), push-out tests, and tightness-of-fit tests. The interfacial shear strength was greater in the stimulated implants, but no difference in the quality of ingrown bone could be detected. It was not possible to quantitate the ingrown bone volume.
Although results of these experiments and many others have indicated the positive osteogenicity produced by external negative stimulation, so far it has not been possible to establish an appropriate amount of current with a specific number of applications for humans.
The present experiment was planned to augment the experiments previously done. It is particularly related to the study on monkeys carried out by Chiarenza 16 in 1975. The total duration of the treatment and the amounts of current applied were similar, but the animal used was different. This study was done on the dentary (mandible) of the New Zealand white rabbit, employing similar types and durations of current in order to enable comparison of the results of the two studies. An average mean of the data from the different studies will help in standardizing the specific amount of current and number of applications for humans.
MATERIALS AND METHODS
Preliminary study
New Zealand white rabbits were selected as experimental animals because of their suitability for the purpose of this study. The practical reasons were that rabbits are comparatively easy to handle and maintain and that healthy animals of this species are available from local laboratories. This species is also known to maintain uniformity in its genetic characteristics, and hence there is very little difference in the anatomic, histologic, and physiologic characteristics among animals.
Implant tests on the mandible of the rabbit, as proposed for the present study, had never been attempted before. It was necessary to carry out an exhaustive pilot study in order to plan the details of the experimental procedures. A total of 18 rabbits were used for this pilot study: 4 rabbits were used for familiarization of the surgical anatomy; 11 rabbits were required for development of the extraction procedures, observation of healing time and the nature of healing, and development of the surgical procedures for placement of the implants; and 3 rabbits were used for pharmacologic observations with regard to sedatives and local and general anesthetics. The information provided by the pilot study enabled planning of the main investigation.
Main study
Twenty-one adult New Zealand white rabbits of both sexes were used. The weights of the animals ranged from 4 to 6 kg.
There are 28 teeth in the oral cavity of a rabbit, including 4 upper incisors, 2 lower incisors, 6 premolars, and 6 molars in the upper jaw and 2 incisors, 4 premolars, and 6 molars in the lower jaw, implying a dental formula of: wherein ''0'' indicates the region of the wide diastema present between the incisors and premolars on either side of the jaws (Figs 1, 2) .
The diastema region in the mandible of either the left or right side was selected as the experiment site.
The Implants
The implants employed in this study were of the titanium blade-vent type. They were manufactured especially for this experiment by Oratronics (New York, NY) and conformed to the ''Standard Ten'' design but with smaller dimensions to enable implantation in rabbits. The blades were 1 mm thick, 3 mm high, and 13 mm long. The oval vents in the blade were approximately 3 ϫ 2 mm. Whenever necessary, the dimensions of the blades were suitably reduced by grinding. The posts were 3 mm high and contained a perforation that permitted attachment of an electrical wire (Fig 3a) .
Electric Stimulator
For providing the electrical stimulation, it was desirable to give a constant direct current within a range of 0-100 A. For this, an electrical instrument called a ''PN device'' was designed (Fig 4) . The current source was a 6-V battery with an in-line microammeter placed to measure the current delivered to the cathode. The current levels chosen were 20, 40, and 100 A.
Electrodes and Electrode Cables
Electrical stimulation that is intended to produce augmentation of bone growth can be applied by either an electrode, an electrical field, or an induced electric current. The electric current may reach the target in the bone, that is, the bone defect, through several main routes. The first method of stimulation is to apply the electric current to the tissue by direct contact. This may be achieved by introducing an electrode into the target site. The electrode that will exhibit positive effects on the bone tissue is the negative one (the cathode). The positive electrode (the anode) may be located in the bone or in the adjacent soft tissue. Since the anode exhibits a bone-resorbing effect in some cases, it should be located at some distance from the target site. Second, the cathode may be located in the vicinity of, but not in direct contact with, the target site. 25, 26 Third, the electric current may be introduced into the bone defect by placing the electrodes on the skin on opposite sides, a noninvasive technique. The fourth alternative is the application of external electric or magnetic fields that do not come in direct contact with skin or bone tissues.
In this study, an electrode with a direct contact was used for stimulation. The electrode in this case was a bladevent implant acting as cathode and a copper clip attached to the pinna of the ear acting as anode. During the application of current, the stimulator was connected by an insulated connector to the hole in the post of the implant (Fig  3b) . The anode was clipped to the pinna of the rabbit's ear, which was coated with ECG electrode gel (Fig 5) .
Sedation
It was necessary to sedate the rabbits during each application of current and during surgery, and this was achieved with intramuscular Siquil (triflupromazine hydrochloride) injections of 10 mg/ml or 0.25 ml/kg body weight. In addition, a local anesthetic (2% Lignotex with adrenaline 1:80,000) was given intraorally as a local nerve block.
Surgical Procedure for Implant Installation
As a first step, the lower incisor on the side of the proposed implant site was extracted (Figs 6, 7) . The implant was inserted in the diastema region using the technique developed during the pilot study (Fig 8) . After proper placement of the implant, closure was obtained by approximating the flaps and placing two to four interrupted sutures (Fig 9) .
Postsurgical Care
After surgery, a rabbit was given one application of specific current for 1 hour and was then isolated. For antibiotic coverage, veterinary oxytetracycline (oxytetracyline hydrochloride B.
Veterinary) (50 mg) was administered intramuscularly for 4 days. The rabbit was given normal food as per schedule. The surgical wound was irrigated with 3% hydrogen peroxide whenever the animal was sedated for application of current, until normal healing of the wound was observed. Electrolyte solutions and B-complex syrups were given for 1 week to restore and maintain the level of electrolytes lost from the body during surgery. Table 1 shows the periods of treatment, current strengths, durations of stimulation, and numbers of applications of stimulation.
Obtaining the Specimens
At the end of the stipulated number of days during which the scheduled electrical stimulations were given, each animal was sacrificed. Sacrifice was carried out by an overdose of intramuscular diazepam by injection, followed by a toxic dose of ethyl chloride by the open drop method. The rabbit was dissected in such a way that the mandible was exposed up to the molar regions. The exposed portion was separated from the body by cutters (Fig 10) . The separated section of the jaw was placed in 50% solution of formalin for fixation for a period of 1 week.
Preparation of the Histologic Slides
After fixation (Fig 11) , the specimens were subjected to decalcification. On decalcification, each specimen was split by a thin blade along one side of the implant interface (Fig 12) . The implants were then removed carefully without disturbing or damaging the tissue plugs formed within their vents (Fig 13) . The portions of the specimen that were sites of implants were embedded in paraffin. Sectioning was done on a microtome to produce tissue sections of 2-4 m. The sections were placed on microscopic slides and stained by standard hematoxylin and eosin techniques.
Interpretation of Histologic Slides
The tissue sections were studied under an optical microscope. The area of tissue related to each implant was first identified under low magnification. This area was then observed in detail under high magnification. The relative distributions of fibrous and bony tissues were identified. The relative quantity of each of these tissues was noted. Next, the quality of bone tissue was observed in terms of maturation, organization of its structure, and uniformity of structural quality. For each slide, the observations were noted in descriptive form. Quantifications and gradations, however, were not made.
RESULTS
Some of the specimens obtained after the planned electrical stimulation had to be eliminated from the study, as the implant sites were found to be infected or the implants were mechanically disturbed in their positions. Therefore, only 12 specimens were included in the histologic analyses. These 12 specimens were from four groups, that is, the groups receiving stimulation of 20, 40, and 100 A, and the control group. For each of the four groups, specimens were obtained by sacrificing an animal at the end of 12, 35, and 50 days.
On each slide, the locations of fibrous and osseous tissues were noted in relation to three regions-vent areas, the periphery of the implant, and areas just beyond the periphery. Then, the comparative quantity of the fibrous and osseous tissues observable on each slide was noted. Table 2 presents a record of the observations obtained from the slides of each of the 12 specimens. These observations are illustrated by photographs of some of the slides (Figs  14-17) .
DISCUSSION
Dental implantology is more widely clinically accepted today than it ever has been. Endosseous implants are the mainstay of this technology. It has become possible to produce integration of implants with tissues. Since the biologic processes of new tissue formation require a definite period of time, the schedule for implant treatments is dependent on such processes. Anatomic and physiologic differences among individuals, the type and material of implants, and the nature of proposed prostheses determine the waiting period between placement of the implant and initiation of prosthetic procedures. This period, which varies from 6 weeks to 6 months, presents a hurdle to the achievement of greater success and wider acceptability for dental implants. It naturally follows that research workers would direct their thinking toward methods of accelerating the biologic processes of formation and maturation of the tissues related to the implants. Such studies were carried out first for orthopedic surgery and soon followed by studies for dental implants.
Experimental work carried out on animals has proven that electrical stimulation results in accelerated bone formation. However, this is yet to be considered a routine, acceptable technique for human patients for the following reasons: (1) Possible iatrogenic damage to local and systemic tissues must be investigated. (2) An optimal dosage of electrical stimulation has to be calculated, especially considering the variation in bone density in different individuals. (3) The experimental studies on animals have not followed any standardized technique, making it difficult to compare studies or to draw conclusions for suitable application to human situations.
The present investigation has shown the feasibility of employing the mandible of the rabbit as a site for placement of implants in order to study the effects of electrical stimulation. Appropriate procedures were developed for extraction of teeth and surgical implantation for these animals. Techniques were developed for sedation of the animals to facilitate the surgical procedures and application of electrical stimuli. Finally, appropriate electrical devices were developed for the application of controlled amounts of electrical stimulation.
Histologic observations in comparisons of the control group with the groups receiving electrical stimuli indicated acceleration of the osteogenic processes when electrical stimuli were provided. The group undergoing the weaker stimuli (20 A) did not show much difference from the control group. Prolonged periods of electrical stimulation with heavier doses (100 A over a period of 50 days) were detrimental to the process of bone formation. In this study, the best results were obtained in two groups: (1) animals undergoing 40 A stimulus over periods of 35 and 50 days and (2) animals undergoing 100 A stimulus over a period of 35 days.
I hope these results will encourage further investigations in which the variables in terms of levels of electrical stimulation and periods of application can be further defined, thereby enabling arrival at an optimal dosage and period of treatment.
SUMMARY AND CONCLUSIONS
Bone formation is associated with certain bioelectrical phenomena. External electrical stimuli have been found to encourage bone formation. The results of this study have confirmed the ben- eficial effect of external electrical stimuli on bone formation in relation to dental implants placed in the mandibles of New Zealand white rabbits. I feel that the results of this study will contribute to the estimation of the optimal dosage of electrical stimulus and period of treatment, with the final aim of application of these principles to the improvement of dental implant treatment in humans. 
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